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Arsenic profiles in plasma doped silicon wafers were traced by scattering of H* and HJ ions at medium energies.
Two wafers were doped with the same bias, gas pressure, total implanted dose and AsH; concentration. After
implantation, the wafers were submitted to industrial cleaning processes, resulting in the formation of a surface
SiO, layer, and one wafer was subjected to an additional thermal treatment. Scattering spectra of single and
molecular ion beams with the same energy per nucleon and charge state differed only by the energy broadening
due to the break-up of the molecule, allowing depth profiling by calculation of the dwell time before the

backscattering collision. For the SiO, layers of these samples a density reduction of, on average, 13% was
observed, compared to thermally grown SiO,. In addition, the arsenic depth-profile determined were in close
agreement with independent findings obtained by electron techniques.

1. Introduction

Advances in complementary metal oxide semiconductor (CMOS)
transistor technology have demanded new processes to fabricate novel
devices and new methods to characterize the manufactured devices. In
the last few years the architecture of leading-edge Field effect transistor
(FET) has transitioned from conventional planar to 3D Fin (finFETs)
[1]. This new architecture may include minimum dimensions smaller
than 5 nm, creating new challenges for the characterization and me-
trology of increasingly sophisticated structures and materials [2,3]. One
of these challenges concerns conformal doping of fin structures [4,5],
where plasma doping (PLAD) has been proposed as a feasible dopant
technique [6-8].

Among several characterization techniques, ion beam analysis is
currently used to determine the dopant distribution [9,10] but is lim-
ited to provide the areal concentration in atoms per cm?, viz. depth is
indirectly obtained after a given value for the density of the layer is
used. We have investigated the arsenic profile in plasma-doped silicon
wafers using the scattering of H* and H} ions at medium energies,
which allowed us to determine the thickness and density of the oxide
overlayer separately. To demonstrate this method we used two wafers
doped under the same conditions and the same industrial cleaning apart
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from an additional thermal treatment. The single and molecular ion
beams had the same energy per nucleon, resulting in the same back-
scattering spectra apart from an energy broadening due to the break-up
of the molecule. Under these conditions the depth profile can be ex-
tracted from the dwell time before the backscattering collision [11].
This procedure determine directly the absolute layer thickness and,
hence, its density. SiO, layer growth after the cleaning step was ob-
served for both samples and we showed here that the density of such
layers was lower than for bulk, amorphous SiO,. The arsenic depth
profiles were in close agreement with independent results obtained
from Transmission Electron Microscopy coupled with Energy-Dis-
persive X-ray Spectroscopy (TEM/EDS) and Electron Rutherford Back-
scattering Spectrometry (ERBS).

2. Materials and methods
2.1. PLAD process

Two sets of samples were produced with bare silicon wafers, biased
at 7 kV. A full description of sample preparation is given elsewhere

[12,13] and briefly summarized here. In short, these samples were
implanted with arsenic in a VIISta PLAD system in Gloucester [14],
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using a plasma generated from a gas mixture containing AsHj to a total
ion fluence of 1 x 10'® cm?. In these two samples (S1 and S2), an SPM
(sulphuric acid hydrogen peroxide mixture) wet chemical clean was
performed which removed a large fraction of the As and formed an
oxide layer on the Si. For S2, a “spike” anneal (1050 °C held for 1.7 s)
was performed in a nitrogen atmosphere containing 100 ppm of
oxygen.

2.2. Dopant profile metrology

Ion scattering experiments were carried out using the Medium
Energy Ion Scattering (MEIS) facility at the Ion Implantation Laboratory
(Universidade Federal do Rio Grande do Sul, Porto Alegre-RS, Brazil).
A 500 kV electrostatic accelerator provided an incident beam of H* and
H} with nominal energies of 200 keV per nucleon. The samples were
mounted on a three-axis goniometer placed inside the analysis
chamber, where a pressure of about 107> Pa is kept. Typical beam
currents were smaller than 10 nA and 5 nA for the H* and HJ ions,
respectively, accumulating a total charge smaller than 90 pC/mm?. The
detection system consisted of a Toroidal Electrostatic Analyzer (TEA)
collecting the backscattered H* ions. At the exit plane of the TEA a set
of two micro-channel plates coupled to a position-sensitive detector
allowed the determination of the scattering energy and angle for each
impinging ion [15,16]. This detection system was centered at 120° with
respect to the incident beam. The TEA angular aperture covered an
angle of 24° and each angular bin corresponded to 0.08°. The overall
energy resolution of the system was 450 eV for 100 keV H* ions.

Each measurement generated a two-dimensional heat-map (2D-
map) of ion scattering yield as a function of energy and angle of the
backscattered ions. 2D-map projection onto the energy axis was per-
formed in order to facilitate the comparison to simulations and to access
the goodness-of-fit using the )(f statistic [17]. For statistical improve-
ment during the analysis, angular bins were summed up in an interval
of a few degrees (4" and 2° for samples S1 and S2, respectively). Three
different angular regions were selected: 108-112, 118-122 and
128-132° for S1 and 108-110, 117-119 and 126-128° for S2. While the
angular regions selected for S1 are routinely chosen for data analyses,
the regions selected for S2 avoid the loss of counts caused by the pre-
sence of blocking lines. Each resulting energy spectra was analyzed
using the PowerMEIS code (available online) [18,19], which allowed
for the standard profile quantifications in atoms/cm? of the As doping
and the silicon dioxide (SiO,) overlayers.

In addition, the absolute thicknesses and densities of the SiO,
overlayers were determined from the break-up of H ions following the
procedure described previously [11,20]. By comparing the energy
spectra from H' and HJ at the same energy per nucleon, the H}
broadening due to the Coulomb explosion was determined and con-
verted to depth using the PowerMEIS code. The results obtained were
compared to TEM/EDS and ERBS. Bright field TEM images and TEM/
EDS profiles were made by commercial analytical laboratories on
samples that had been coated with iridium before the TEM lamellae
were produced [12]. Electron backscattering spectra were acquired
with an electrostatic analyzer using highly mono-energetic beams
produced from a barium oxide cathode and accelerated by a metal
semi-sphere kept at high-voltage [21].

3. Results and discussion

Fig. 1 shows the 2D-map of ion scattering yield as a function of the
backscattering angle and energy for samples S1 and S2 using 200 keV/u
H*and HI projectiles. The signals corresponding to arsenic (As) and
silicon (Si), presented in the SiO, overlayer and the Si substrate, were
well separated because of their large mass difference. Since the Si is at
the surface its intensity depends strongly on the scattering angle ac-
cording to the dependence of the kinematic factor. The leading edge of
the As signal is much less sharp, indicating that it is located well below
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the surface. Below 175 keV, the Si signal increases again due to the
contribution of the Si substrate. This signal drops dramatically at even
lower energies ( ~ 170 keV) due to the channeling effect for the in-
cident ions, which decreases the probability of the incident beam being
backscattered. In addition, blocking lines are also visible in Fig. 1 (c and
d) corresponding to a reduction of the ion scattering intensity for cer-
tain scattering angles (evident as vertical lines with reduced intensity).
The presence of blocking lines in the As signal indicates that the As was
substitutional into the silicon lattice after the thermal treatment per-
formed on S2.

When comparing the spectra obtained for the same sample, the
main difference between measurements with H* and H} ions concerns
the width of the As signal. For H} ions, Coulomb explosion strongly
affects the energy spectrum because of the mutual repulsion of the
fragments after break-up of the molecule at the surface. Since it can
simultaneously increase and decrease the speed of the fragments (as
observed in the laboratory reference system) it causes extra energy
broadening, called Coulomb-explosion broadening, which starts after
the molecule break-up at the surface and ends at the backscattering
collision, where one of the fragments is suddenly removed from its
companion. The detected backscattered ions then have a broader en-
ergy-loss distribution [22], depending on the dwell time from the
break-up event to the backscattering collision. This method allowed us
to quantify the absolute thickness and therefore the density after using
the standard MEIS analysis for H* [11]. Besides the Coulomb explosion,
the stopping power of the fragments can also be affected by the cor-
related motion of the fragments after the break-up and before the
backscattering collision. This is the so-called vicinage (or proximity)
effect and arises from either an interference effect on the target ex-
citation and ionization by the two projectiles or by the superposition of
wake potentials [23]. Typically the vicinage effect for high energies
increases the stopping power of a fragment by around 20% if the other
fragment is nearby. This effect was also taken into account in the pre-
sent analysis.

Initially, a standard MEIS analysis was performed for the experi-
ments with H* ions, where the elemental distribution in S1 and S2 were
quantified in atoms per cm? PowerMEIS simulations were performed
with the differential-scattering cross section obtained by solving the
orbit equation using the Ziegler-Biersack-Littmark interatomic poten-
tial [24], stopping powers from the SRIM library [25], and the energy
straggling from the Chu model [26]. The neutralization fraction of the
ions was obtained from the Marion and Young data [27] and an ex-
ponential modified Gaussian distribution was used to model the energy
loss during the backscattering collision [28].

The thickness of the SiO, overlayer was then determined con-
sidering the additional broadening of the As signal measured with H}
ions. In this case, PowerMEIS simulations were also carried out by
keeping all parameters fixed from the H* simulations except the energy
spread of the incoming beam since it was slightly worse from the
Doppler effect from H} vibrations (450 eV for H* and 600 eV for H}). It
is important to consider these energy fluctuations associated with mo-
lecular vibrational levels in the incident molecular beam as it also
contributes to the slope of the edge due to the energy resolution de-
gradation. In addition, vicinage effect and Coulomb explosion broad-
ening parameters had to be specified to allow PowerMEIS to simulate
MEIS spectra for molecular projectiles. The vicinage effect parameter
modified the stopping power along the incoming trajectory and was set
to 1.24, an average value of the basically constant ratio in the energy
per nucleon interval used in our experiments [29,30]. The Coulomb
broadening used in the simulations as a function of depth for SiO,
(Fig. 2) was calculated according to the procedure described in
Ref. [20] using the Energy Loss Function (ELF) from Ref. [31]. The
result is very similar to what would be expected for a Coulomb explo-
sion without screening [11] and it was included in the PowerMEIS code
using the parameters displayed in Fig. 2. The code convoluted the en-
ergy-loss distribution of the ions along the incoming trajectory using a
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Fig. 1. MEIS 2D-map for samples S1 (a and b) and S2 (c and d) measured with 200 keV/u H* and HJ ions. The signals from ions backscattering from As and Si are
indicated as well as the yield reduction caused by channeling and blocking effects. The energy broadening of the As signal due to the Coulomb explosion is clearly

visible. The oxygen signal was not measured and would start to appear at 165 keV.

step function, Eq. (2) from Ref. [20], and the standard deviation
(broadening) from Fig. 2. A much simpler analysis could also be per-
formed, where the Coulomb explosion broadening is taken directly
from the subtraction of the variance of the As signals of the H* and HJ
ion beams after correction for the Doppler effect. From the Coulomb
broadening, the SiO, thickness can be obtained directly from Fig. 2, as
discussed in Ref. [11]. Both methods gave similar results but the
PowerMEIS simulations were as accurate and reliable as the stopping
power allows once they included all physical ingredients involved, i.e.
the proper depth dependent Coulomb broadening and vicinage effects
[20].

Fig. 3 shows the best models (a and e) used to describe S1 and S2,
respectively. The models used to describe samples 1 and 2 were ob-
tained through the analysis of three different backscattering angles. The

reduced Chi-square analysis was repeated for all three angular ranges.
The projection of the 2D-map onto the energy axis for the angular
aperture of 118-122° (b and c) and 117-119° (f and g) is presented for
the H* (b and f) and H} (c and g) ion beams. The black open circles
correspond to the experimental data and the blue line to the PowerMEIS
simulations. From these results, it is possible to see good agreement
between experimental and simulations down to 172 keV (S1) and
177 keV (S2), where channeling effects come into play and they are not
described by the PowerMEIS simulations. The arsenic signal was clearly
wider for H} than for H* in both samples. S2 shows a larger diffusion
tail of As into Si compared to S1. Fig. 3 (d and h) present the chi-square
analyses for H ions performed for S1 and S2, respectively. This ana-
lysis was carried out by keeping constant the number of atoms per cm?
obtained in the analysis with H* but varying the thickness (and con-
sequently density) of the SiO, layer. It is pointed out that the combi-
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SiO, (Hj 200 keV u™ affects the HJ spectra. The uncertainty associated with the broadening
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Fig. 2. Coulomb explosion broadening as a function of depth traversed by the
molecular fragments of HJ in ultra-thin SiO, films. The energy of the H} mo-
lecule was 200 keV/u. Dashed lines represent calculations of the Coulomb
broadening assuming a pure Coulomb repulsive potential (green) and the
Yukawa potential (blue). Filled circles represent calculations assuming a wake
potential. Red line is a fit of wake potential data with the equation
o = (yx)/(1 + ax), where y and a represent the Coulomb explosion linear and
non-linear factor, respectively, and x the depth. These parameters were used for
the MEIS simulation. r, is the interatomic separation in H molecule and w), the
plasmon energy. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

by MEIS and TEM/EDS for S1 and S2. The red, black and blue lines
correspond to the concentration (10%?> atoms/cm®) of oxygen, silicon
and arsenic as obtained by MEIS, assuming stoichiometric SiO,. The
red, black and blue dots correspond to the atomic fraction of O, Si and
As as obtained by TEM/EDS. The difference in heights is due to the
different scales. The sample S1 that underwent only a wet clean process
shows a SiO, layer of 11.0 nm with a reduced density of 2.00 g/cm?
followed by a Asg 01Si0.3300.65 layer of 2.75 nm with a similar density
reduction. The outer Si layer, that contains the highest concentration of
As, has been amorphized by the implantation. The sample S2 that un-
derwent both wet clean and thermal treatment processes shows a SiO5
layer of 12.4 nm with a reduced density of 1.83 g/cm?® followed by a
As 01Si0.3300.65 layer of 1.2 nm with 1.86 g/crn3 density. The layer
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Fig. 3. MEIS results and analysis. Illustration of the best model obtained for S1 (a) and S2 (e). Projection of the 2D-map on the energy axis for the angular aperture of
118-122° (b and c¢) and 117-119° (f and g) for H* (b and f) and H} (c and g) ion beams. Reduced chi-square as a function of depth for S1 (d) and S2 (h).

with the highest concentration of As is now crystalline and some As has
diffused to larger depths.

Concerning the implanted As, we estimated a total dose of
~ 2.1 x 10 atoms/cm?for S1 and ~ 2.7 x 10'° atoms/cm? for S2,
which is around one fourth of the nominal dose (1.0 x 10® atoms/
cm?). Such discrepancies may be explained from the fact that during
plasma doping processes a mass selector is not used and, therefore, a
mix of compounds and neutral species are deposited on the substrate
surface [8]. Thus, when placed close to a sample, the Faraday detector
measured all the charged compounds [33]. Moreover, comparing the
present results with previous MEIS measurements performed im-
mediately after the sample preparation [12], we estimated a 20 % As
loss in our samples. The larger amount of As observed in S2 is possibly
related to the lower diffusivity of substitutional As in the silicon lattice.
The TRIDYN code [34], which calculates the magnitudes of the ionic
and neutral fluxes that occur during the PLAD implantation, predicts
~ 12 nm under-dense SiO- layer for post-clean sample. This is in good
agreement with our results. It also suggests that the oxide density de-
creases towards the surface as a consequence of ion beam mixing
[12,32].
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Fig. 4. Depth profiles obtained by MEIS (lines) quoted as atomic concentration
and TEM/EDS (dots) quoted as atomic fraction for S1 (a) and S2 (b). At the
background of each plot, TEM images of the samples are placed in scale.

The same samples were measured using 40 keV electrons scattered
over 135°. The results are shown in Fig. 5. At low energy losses this
technique resolves the mass of the scattering atoms (so called Electron
Rutherford Backscattering or ERBS). At larger energy losses the energy
is mainly determined by electronic excitation, and one does not resolve
anymore the mass of the atom that scattered the projectile electron over
135°. As a reference we show the corresponding spectra of pure Si and
pure SiOs in Fig. 5 (a). The recoil loss for scattering of 40 keV electrons
over 135° from Si is 2.77 eV, from O 4.86 eV and As 1.04 eV. Note that
the plasmon peak (for pure Si at ~ 20 eV) is at an energy loss that
corresponds to the sum of the recoil loss (2.77 eV) plus the plasmon
excitation energy ( ~ 17 eV).

Only if the projectile-electron scatters from a nucleus towards the
detector without the excitation of a plasmon on the way in or out does
the electron contribute to the elastic peak. The thickness contributing to
the elastic peak is thus of the order of the electron inelastic mean free
path. The electronic excitations that cause the stopping in MEIS can be
observed in the electron spectra directly, and indirectly at larger energy
losses, but these excitations will also determine the height of the elastic
peak of the different elements.

Spectra from S1 in Fig. 5 (b and c) show 3 peaks with the expected
separation for As, Si and O. The O peak was less intense in S1 than for
pure SiO, especially when the incoming beam impinged along the
surface normal. Thus, the Si substrate also contributed to the spectrum.
When the sample was rotated over 34°, then, the measurement was
performed in a more surface-sensitive geometry and the height of the O
peak increased relative to that of Si as the contribution of the Si sub-
strate was smaller. The height of the As peak (relative to the O peak)
decreased in the surface-sensitive geometry, indicating that the As was
(on average) at larger depth than the O atoms. The electron scattering
spectra from S2 were very similar to those of S1.

There was some variability in these measurements, presumably due
to channeling (Kikuchi effect) that affects the backscattering intensity
when the electrons interact with the single-crystal Si substrate.
However, the same general trend was always observed. The spectra can
be simulated as well with the PowerMEIS code [18,19], as most of the
underlying physics resembles that of MEIS. The simulated spectra, as-
suming the full description as determined from the MEIS is also illu-
strated in Fig. 5 (b and c). In this case, the dielectric functions of Si and
SiO, were used as input. From these functions the inelastic mean free
path was calculated along with the energy loss that the projectile suffers
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Fig. 5. Scattering of 40 keV electrons at an angle of 135°. Spectra obtained for thick, bulk Si (dots) and SiO, (line) samples (a). S1 spectra measured with the electron
beam impinging along the surface normal (b), i.e. in a bulk-sensitive geometry, and with the sample rotated over 34° (c), i.e. in a surface-sensitive geometry. The
measured spectra (dots) are compared with simulations (lines) using the full description model of S1 presented in Table 1. Qualitatively the spectrum is well

described, both for the elastic peak and the energy loss part of the spectrum.

Table 1

Full description of S1 and S2 best fitting models. Stoichiometry, thickness,
density and As dose of the models shown in Fig. 3 (a and e) are reported for
each layer.

Layer Stoichiometry Thickness Density (g/ As dose (atoms/
(nm) cm®) cm?)

S1 (wet clean)

1st Si0, 11.0 2.00 —

2nd  ASg01Si0330065 2.75 2.03 1.8 x 10

3rd Asg15Si.85 0.8 2.88 59 x 10

4th Aso.06Si0.94 4.5 2.55 1.3 x 10'°

S2 (wet clean and thermal treatment)

1st Si0, 12.4 1.83 —

2nd  ASp01Si0.330065 1.2 1.86 7.9 x 10

3rd Aso.14Si0.86 1.5 2.85 1.0 x 10'®

4th AS0,06S10.04 3.5 2.55 1.0 x 10'°

5th Asp,04Si0.06 1.0 2.47 2.0 x 10

6th AS,02S10.08 4.3 2.40 43 x 10*

if an inelastic event occurs. Note that for perpendicular incidence the Si
plasmon dominates the loss spectrum, whereas for the surface-sensitive
geometry both Si and SiO, loss features contributes significantly, in
both the experiment and the simulation. This is a direct evidence that
the electronic structure of the top layer resembles that of SiO,, and the
electronic structure of the substrate represented that of Si.

4. Summary and conclusion

We have measured the atomic composition of the PLAD implanted
samples and explored the potential of the Coulomb explosion of H}
molecule to determine absolute thicknesses and densities. Two sets of
samples were studied, one had only underwent a wet clean process after
the implantation (S1) and the other had undergone wet clean and
thermal treatment processes (S2). We measured on average a density
reduction of 13 % in the SiO, overlayer. Cross-checking by comparing
results from MEIS based on the Coulomb explosion methodology and
from electron techniques (TEM/EDS and ERBS) show good agreement.
However, the Coulomb explosion method is unique for determining
absolute thicknesses and densities opening new perspectives for the use
of ion beam at intermediate energies in microelectronics.
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